Within a given microbial population, a small subpopulation known as dormant persister cells exists. This persistence property ensures the survival of the population as a whole in the presence of lethal factors. Although persisters are highly important in antibiotic therapy, the mechanism for persistence is still not thoroughly understood. We show here that the cariogenic organism Streptococcus mutans forms persister cells showing noninherited multidrug tolerance. We demonstrated that the ectopic expression of the type II toxin-antitoxin systems, MazEF and RelBE, caused an increase in the number of persisters. In a search for additional persistence genes, an expression library was constructed, and several clones exhibiting a significant difference in persister formation after prolonged antibiotic treatment were selected. The candidate persister genes include genes involved in transcription/replication, sugar metabolism, cell wall synthesis, and energy metabolism, clearly pointing to redundant pathways for persister formation. We have previously reported that the S. mutans quorum-sensing peptide, CSP pheromone, was a stressinducible alarmone capable of conveying sophisticated messages in the bacterial population. In this study, we demonstrate the involvement of the intraspecies quorum-sensing system during the formation of stress-induced multidrug-tolerant persisters. To the best of our knowledge, this is the first study reporting the induction of bacterial persistence using a quorum-sensing regulatory system.
N
umerous mechanisms of drug resistance have been described in bacteria; the main types of resistance are alteration of the antibiotic target site, antibiotic modification, and restricted antibiotic penetration (1, 10) . Each of these mechanisms allows bacteria to grow in the presence of even high doses of the antibiotic. Bacterial populations also produce a small number of specialized cells that survive lethal concentrations of drugs without expressing an antibiotic resistance mechanism. These survivors are called persisters, cells that neither grow nor die in the presence of microbicidal antibiotics (3, 20, 31) . It is thought that these persister cells enter into a state of dormancy, which allows them to prevent cell death due to antibiotics targeting bacterial cell growth (29) . This persistence property ensures the survival of the population as a whole in the presence of lethal concentrations of antibiotics. For this reason, persister cells have been associated with the recalcitrant nature of chronic infections (18) . It has also been suggested that persisters may play a significant role in biofilm tolerance (30) . Indeed, biofilm infections show a surprising ability to resist killing by antibiotics, without having any obvious drug resistance mechanisms (8, 9, 12) .
As opposed to the traditional view of bacterial cells expressing genetic resistance mechanisms for survival against antibiotics, persisters are not antibiotic-resistant mutants since they are genetically identical to the cells affected by the antibiotics. Instead, persisters are phenotypic variants of regular cells since, when recultured, they exhibit the same small survival fraction (53) . Studies of persisters have identified multiple genes that have been implicated in bacterial persistence, and several of these are chromosomal toxin-antitoxin (TA) modules (18, 31, 33, 52) . TA modules are typically composed of a pair of genes organized in operons and encoding a stable toxin and its labile antitoxin (54) . Whereas toxins are always proteins, antitoxins are either RNAs (type I and type III) or proteins (type II) (19, 49) . In Escherichia coli, multiple TA systems have been linked to the formation of persisters. It has been shown that the ectopic mild overexpression of TA systems induced bacterial persistence (44) . Recently, Maisonneuve et al. (33) demonstrated that the successive deletion of the 10 mRNA interferaseencoding TA loci of E. coli progressively reduced the level of persisters, demonstrating quite convincingly that persistence was a phenotype common to TA loci. Persister formation can also be affected by other genes, including genes involved in phosphate metabolism, phospholipid synthesis, purine metabolism, folate biosynthesis, energy metabolism, DNA repair, and SOS response. An exhaustive overview of currently known persistence genes has been published recently (18) .
It is largely believed that persisters are formed through a stochastic process, where fluctuations in the cellular, physical, and biochemical processes affecting gene expression can lead to persistence. Alternatively, persistence may be an inducible state in a population due to exposure to stress. A recent study revealed that DNA damage induced the formation of persisters through an SOS-dependent expression of the TisB toxin from the tisAB/istR TA locus in E. coli (13, 14) . Bacteria are often subjected to a plethora of environmental stressors aside from DNA damage, and this opens the possibility that stress responses may ensure survival by inducing the formation of persisters.
Whereas most persister studies have largely been performed using E. coli, not much work has been performed using Grampositive bacteria. Streptococcus mutans, the leading etiological agent of dental caries, colonizes the dental biofilm, where it is constantly exposed to a wide range of environmental conditions (e.g., constant cycles of "famine and feast," fluctuations of pH, and high levels of salt from tooth demineralization) (35, 36) . Work previously done in our lab has shown that S. mutans integrates its response to specific environmental stresses with its intraspecies bacterial quorum-sensing system, CSP-ComDE, via the CSP pheromone (41) . The aim of the present study was to investigate the formation of persister cells in the oral pathogen S. mutans. The possible intimate connection between the intraspecies quorumsensing regulatory pathway and the development of persisters was also investigated.
MATERIALS AND METHODS
Bacterial strains and growth conditions. A summary of the bacterial strains and plasmids used in the present study is provided in Table 1 . Deletion mutants were constructed in S. mutans UA159 wild-type (WT) strain as described previously (27) . S. mutans strains were grown in ToddHewitt medium supplemented with 0.3% yeast extract (THYE) and incubated statically at 37°C in air with 5% CO 2 . S. mutans biofilms were developed in polystyrene microtiter plates. The growth of the biofilm was initiated by diluting (1:30) an overnight culture into fresh 1/4-THYE broth supplemented with 20 mM glucose in the individual wells of the microtiter plate. The plates were then incubated at 37°C in air with 5% CO 2 without agitation. Biofilms were grown to early (ϳ6 h), intermediate (ca. 20 to 24 h), or mature (ϳ72 h) phases. E. coli strains were cultivated aerobically in Luria-Bertani (LB) medium at 37°C. When needed, antibiotics were added as follows: chloramphenicol (20 g/ml) for E. coli and chloramphenicol (10 g/ml), spectinomycin (1 mg/ml), or erythromycin (10 g/ml) for S. mutans. Cell growth was monitored by determining the optical density at 600 nm (OD 600 ). Cell viability was assessed by counting CFU on replica agar plates. The MIC test was performed according to the broth microdilution method using THYE broth as described previously (46) .
Persistence assay. Overnight cultures of S. mutans were diluted (1:20) into fresh THYE broth containing ofloxacin (20 g/ml), oxacillin (2 g/ ml), cefotaxime (2 g/ml), vancomycin (20 g/ml), or rifampin (50 g/ ml), followed by incubation for 24 h at 37°C. Samples were withdrawn at the indicated times, serially diluted, and plated on THYE agar plates. The colonies were counted after 48 h of incubation. All assays were performed in triplicate from three independent cultures. The statistical significance was determined by using a Student t test and a P value of Ͻ0.01.
For the biofilm persistence assays, biofilms were developed in polystyrene microtiter plates as described above. After the incubation, the planktonic cells were carefully removed from the biofilms, harvested by centrifugation, washed with sterile phosphate-buffered saline (PBS), and resuspended in fresh THYE broth. Biofilm cells left intact in the wells were rinsed once with sterile PBS to remove loosely bound cells, and the biofilms were detached by physical scraping. The biofilm pellet collected by centrifugation was washed with sterile PBS and resuspended into fresh THYE broth. Both biofilm and planktonic cells were separately treated with ofloxacin (50 g/ml) for 2 to 5 days. Samples were withdrawn at indicated time, serially diluted, and plated on THYE agar plates. Colonies were counted after 48 h of incubation. All assays were performed in triplicate from three independent cultures. Statistical significance was determined by using a Student t test and a P value of Ͻ0.01.
Heritability assay. Overnight cultures of S. mutans cultivated in THYE broth without antibiotic were diluted (1:20) into fresh THYE broth containing ofloxacin (20 g/ml) and incubated at 37°C for 24 h. Surviving cells were resuspended into fresh THYE broth without ofloxacin until the stationary phase was reached. The cells were then diluted (1:20) into fresh THYE broth containing ofloxacin (20 g/ml) and incubated at 37°C for 24 h. This procedure was repeated three times. Samples were withdrawn at the indicated times during each passage, serially diluted, and plated on THYE agar plates. Colonies were counted after 48 h of incubation. All assays were performed in triplicate from three independent cultures. Statistical significance was determined by using a Student t test and a P value of Ͻ0.01.
Ectopic expression of type II TA modules. The full-length coding regions of UA159 mazEF and relBE operons were PCR amplified using UA159 genomic DNA (gDNA) as a template and cloned under the control of the lactococcal promoter P 23 in the shuttle plasmid pIB166. The recombinant plasmids pMAS2 (mazEF in pIB166) and pVL1 (relBE in pIB166) were transferred into S. mutans ⌬mazEF and ⌬relBE mutants, respec- tively. Complemented strains were tested for persister cell formation using a persistence assay as described above. Construction of a S. mutans genomic DNA library and selection of persister mutants. Genomic DNA of UA159 WT strain was extracted and partially digested with the restriction enzyme Sau3AI for 1 h at 37°C. Fragments of ca. 0.25 to 1.5 kb were purified and cloned into the BamHIdigested expression plasmid pIB166. E. coli DH10B electrocompetent cells were transformed with the UA159 gDNA library for amplification. The expression library was then transferred to UA159 WT cells by natural transformation, and the clones were selected on THYE-chloramphenicol agar plates. A total of ϳ2,000 clones were picked individually from transformation plates and screened for increased or decreased survival to ofloxacin. Briefly, overnight cultures of the picked clones were diluted (1:20) into fresh THYE broth containing ofloxacin (20 g/ml) in the individual wells of a 96-well microtiter plate. Plates were incubated for 24 h at 37°C without agitation. At 5 and 24 h, ofloxacin-treated clones were diluted in sterile PBS and spot plated onto THYE agar plates. Colonies were counted after 48 h of incubation. Clones with an altered number of persister cells were selected. This selection comprised clones showing Ն2-fold increase or decrease in cell survival to ofloxacin versus WT control strain harboring the empty plasmid.
Environmental stresses and quorum-sensing peptide pheromone assays. Overnight cultures of S. mutans were diluted (1:100) into fresh THYE broth and exposed for 2 h at 37°C (except for heat shock) to the following stresses: acid shock (THYE broth acidified to pH 5.0 by addition of HCl), amino acid starvation (100 g of serine hydroxamate/ml), oxidative stress (0.5 mM H 2 O 2 ), and heat shock (50°C). For the quorumsensing peptide pheromone assay, diluted cells were incubated with 2 M synthetic CSP (sCSP; Advanced Protein Technology Centre, Hospital for Sick Children, Toronto, Ontario, Canada) pheromone for 2 h at 37°C. Stressed cells and CSP-induced cells were then treated with ofloxacin at 20 g/ml (stress and CSP assays), ciprofloxacin at 20 g/ml (CSP assay), oxacillin at 10 g/ml (CSP assay), or rifampin at 50 g/ml (CSP assay) for 24 h at 37°C. Samples were withdrawn at the indicated times, serially diluted, and plated on THYE agar plates. Colonies were counted after 48 h of incubation. All assays were performed in triplicate from three independent cultures. Statistical significance was determined by using a Student t test and a P value of Ͻ0.01.
Gene expression analysis. Transcriptional analysis was conducted by real-time quantitative PCR (qPCR). Total RNA was extracted using an RNeasy minikit (Qiagen). DNA-free RNA (10 g) was reverse transcribed using a first-strand cDNA synthesis kit (MBI Fermentas). qPCRs were carried out using the SsoFast EvaGreen Supermix (Bio-Rad) and a CFX96 real-time PCR detection system (Bio-Rad). The 16S rRNA gene was used as an internal reference. qPCR assays were performed in triplicate with RNA isolated from three independent experiments. Statistical significance was determined by using a Student t test and a P value of Ͻ0.01.
RESULTS

S. mutans populations form multidrug-tolerant persister cells.
Persister cells are phenotypically tolerant to killing by antibiotics. At appropriate concentrations, bactericidal antibiotics should kill all normal growing cells, while dormant persisters remain in the population. If cell counts from these time-dependent killing assays are plotted out, it produces a biphasic killing pattern reflecting the rapid killing of the bulk of antibiotic-sensitive cells, and the presence of a surviving subpopulation of persister cells (18) . In order to test whether S. mutans was able to develop persisters, several antibiotics exhibiting different mechanisms of action were tested. As shown in Fig. 1 , treatments by all antibiotics displayed a typical biphasic killing curve, confirming the presence of multidrug-tolerant persisters in S. mutans cultures. The fluoroquinolone ofloxacin became the antibiotic of choice in the present study since it kills both normal growing cells and slowly growing or nongrowing stationary-phase cells, leaving dormant persisters intact (17) .
We next sought to determine whether S. mutans persisters were mainly formed during the logarithmic or stationary phase of growth. Overnight cultures of the UA159 WT strain were diluted into fresh medium to an OD 600 of ϳ0.05, and the cells were allowed to grow at 37°C for 45 or 90 min before ofloxacin treatment. The results showed that the percentage of cell survival decreased when cells exited from stationary phase and entered the lag phase (45 min of pregrowth) or early logarithmic phase (90 min of pregrowth) before being challenged with ofloxacin versus no pregrowth control (Fig. 2) . These results strongly suggest that S. mutans persisters accumulate mainly during stationary phase and represent ϳ1% of the stationary population. These results also suggest that pregrowth of diluted stationary-phase cultures caused some persisters to revert back to normal growing cells, thus lowering the number of persisters in the population.
To determine whether slow-growing S. mutans biofilms produce substantial numbers of persisters, we also performed a persistence assay using 20-h-old biofilms. Over a period of 5 days, a distinctive biphasic killing curve can be observed for both the planktonic and the biofilm phases (Fig. 3A) . Interestingly, the level of surviving persister cells was not statistically significantly greater in the biofilm phase compared to its free-floating planktonic phase at all time points tested. Subsequently, we wondered whether the age of the biofilm could affect the number of persisters formed. Biofilm cells obtained from different ages corresponding to early, intermediate, and mature biofilm phases were treated with ofloxacin for 2 days. The results showed that the number of persisters varied depending on the biofilm age, with older biofilms producing the highest number of persisters (Fig. 3B) . These results suggest that S. mutans persisters accumulate as the biofilm matures, probably due to altered microenvironments within the biofilm.
S. mutans persister cells exhibit a nonheritable antibiotic tolerance phenotype. Unlike antimicrobial resistance, multidrug tolerance is a transient, nonheritable phenotype (38) . To investigate the nonheritable nature of S. mutans persisters, we treated stationary-phase cells with ofloxacin for 24 h and performed three consecutive cycles of ofloxacin treatments on the surviving population derived from the persisters. As shown in Fig. 4 , cultures grown up from persisters were as sensitive to ofloxacin as the parent culture from which the persisters were derived. Moreover, the killing curves maintained a biphasic pattern similar to that for the original population. The number of persisters remained approximately the same as repeated cycles of antibiotic exposure failed to enrich in persisters. These results confirmed that the formation of persisters in S. mutans populations is a nonheritable mechanism.
Ectopic expression of type II TA modules increases the number of persisters. Toxin-antitoxin (TA) modules have been linked to persister formation primarily in E. coli and Mycobacterium tuberculosis, where certain TA modules were found to be upregulated in isolated persister cells (22, 44) . To investigate the effects of ectopic overexpression of type II TAs on S. mutans persister formation, the mazEF and relBE operons were cloned under the control of a constitutive promoter into the shuttle vector pIB166. Our results showed that ectopic expression of MazEF and RelBE systems caused a log-fold increase in persister fraction under ofloxacin treatment, whereas deletion of the same TA systems had no discernible effect on the formation of persisters (Fig. 5) . Similarly, WT cells overexpressing only the toxin displayed an ϳ10-fold increase in cell survival (data not shown). As expected, a ⌬mazEF ⌬relBE double deletion mutant did not affect persister production under the conditions tested, reinforcing the hypothesis that more than one single mechanism is responsible for persister formation. Although there is most likely an apparent redundancy of persister genes, our results suggested that both MazEF and RelBE type II TA systems function in contributing toward antibiotic tolerance through the formation of persister cells in S. mutans. In all studied type II TA systems, the antitoxin is less stable than the toxin and is degraded by a specific intracellular protease (6) . The fact that an S. mutans ⌬clpP mutant deficient in the ATP-dependent ClpP protease showed a reduced level of persisters (see Fig. S1 in the supplemental material) also suggests that higher levels of free toxin UA159 WT cultures were diluted into fresh THYE broth and pregrown for 45 or 90 min at 37°C before being treated with ofloxacin (20 g/ml) for 5 h; no pregrowth was used as a control. Aliquots of cells were removed at time zero and 5 h after the introduction of the antibiotic. Cells were serially diluted and spot plated onto THYE agar, and the percentage of cell survival obtained after 5 h of ofloxacin treatment was determined from plate counts.
FIG 3 Formation of persisters in S. mutans biofilms. Static biofilms of UA159
WT strain were developed in polystyrene microtiter plates using 1/4-THYE broth supplemented with glucose. (A) After 20 h of growth, the planktonic phase was carefully removed, and the biofilm layer was gently washed with sterile PBS to remove loosely bound free-floating cells. The planktonic and biofilm phases were separately challenged with ofloxacin for 5 days. Paired t tests were performed on the results at 120, 48, and 24 h for both the planktonic and the biofilm persisters, and no statistically significant differences were found. (B) Early (ϳ6 h), intermediate (ϳ20 to 24 h), and mature (ϳ72 h) biofilms were treated with ofloxacin for 2 days. For both panels A and B, ofloxacin-treated cells were removed at the indicated time points, serially diluted, and spot plated onto THYE agar plates, and the percentage of cell survival was determined from plate counts.
(MazF and/or RelE) could cause cell growth arrest, favoring bacterial persistence.
Identification of additional persistence genes. We constructed an S. mutans gDNA library into an expression vector for gain of function since attempts by different groups to identify persister genes by screening transposon or insertion libraries for either increased or decreased survival to antibiotics were not successful (30) . Approximately 2,000 clones were individually picked and tested for the production of altered number of persisters. For the initial screening, overnight cultures of S. mutans clones were diluted to early logarithmic phase into fresh THYE medium and immediately treated with ofloxacin for 24 h in 96-well plates (see Materials and Methods for details). Identified clones of interest displaying high-or low-level survival to antibiotic treatment in comparison to the control strain (WT harboring the empty plasmid) were selected for further analysis. Of the ϳ2,000 clones tested, 20 clones of interest with unchanged growth parameters were initially identified and validated using our persistence assay: 16 clones exhibited a high persistence phenotype (increase in cell survival upon ofloxacin treatment versus control strain), and 4 clones displayed low persistence (decrease in cell survival upon ofloxacin treatment versus control strain) ( Table 2) . Plasmids were isolated from clones with the greatest differential survival (i.e., clones VL-1, VL-16, VL-39, VL-61, VL-390, VL-739, and VL-1176), sequenced to identify the DNA fragments expressed under the P23 promoter, and mapped to the UA159 genome. In order to confirm that the observed phenotypes (high or low persistence) were not the results of spontaneous mutations, we isolated the plasmid from each clone and transformed the WT strain with the respective plasmids. These new transformants were then tested using the persistence assay. The results demonstrated that similar phenotypes were observed between the original clones and the new transformants harboring the respective plasmids, confirming that the observed phenotypes were due to the expression plasmids.
The clone VL-1 displaying a high persistence phenotype (ϳ2.6-and ϳ6.1-fold increases in survival at 5 and 24 h, respectively; Table 2 ) had an ϳ0.2-kb insert corresponding to a portion of the SMU.994 gene (also called rnhB) encoding a putative RNase H involved in DNA replication. An ⌬rnhB deletion mutant was constructed in the WT strain and tested using a persistence assay. The results (Fig. 6A) showed that inactivation of rnhB caused an increased tolerance to ofloxacin (ϳ15 times more persisters than UA159 WT at 24 h). The MIC values of ofloxacin against the ⌬rnhB mutant were not different from those for the WT strain, confirming that ⌬rnhB was a true persistence mutant. Cultures of the ⌬rnhB mutant exposed to rifampin or oxacillin also displayed an increase (Ն2-fold) in survival (data not shown), suggesting that these persister cells are multidrug tolerant. The fact that both clone VL-1 and ⌬rnhB mutant produced the same phenotype was surprising. We hypothesized that a hidden open reading frame(s) may be responsible for the high persistence phenotype observed for clone VL-1. In an attempt to verify this hypothesis, further analysis of the overexpressed gene fragment was done through bioinformatics. Interestingly, we found that clone VL-1 was encoding a putative peptide of 76 amino acid residues containing the conserved RNase HII motif. This result suggested to us that when overexpressed this peptide can compete with the native RnhB enzyme for its binding sites. If true, a gain-of-function mutation as culture of UA159 WT strain was diluted to the early logarithmic phase and immediately treated with ofloxacin (20 g/ml) for 24 h. The surviving cells were then regrown into fresh antibiotic-free THYE broth until the stationary phase was reached and then diluted to early logarithmic phase and immediately treated with ofloxacin (20 g/ml) for 24 h. The procedure was repeated three times. The results showed that persisters are phenotypic variants of the parental strain that arise in a clonal population of genetically identical cells.
FIG 5
Ectopic expression of type II TA modules in S. mutans. Overnight cultures of S. mutans strains were diluted to the early logarithmic phase and immediately treated with ofloxacin (20 g/ml) for 24 h at 37°C. Cells were removed at the indicated time points, serially diluted, and spot plated onto THYE agar plates for CFU counting. UA159 WT strain harboring the empty plasmid was used as a control.
observed for the knockout strain and overexpression clone would result in the same phenotype. Bioinformatic analysis of UA159 genome also revealed the presence of an additional RNase H, RnhC (SMU.1873), sharing 40% amino acid similarity with RnhB. Interestingly, while inactivation of rnhB increased the number of multidrug tolerant persister cells, rnhC does not seem to play a role in persister formation under the conditions tested since inactivation of rnhC did not alter the number of persisters (Fig. 6A) .
S. mutans cells overexpressing the clone VL-739 displayed a high persistence phenotype (ϳ27.3-and ϳ19.4-fold increases in survival at 5 and 24 h, respectively; Table 2 ). Sequencing of the insert revealed that clone VL-739 had an ϳ0.5-kb insert corresponding to the intergenic region IGR1445. This intergenic region corresponds to the promoter region of both scrA and scrB genes. The scr regulon of S. mutans is composed of three genes-scrA, scrB, and scrR-coding for a sucrose-specific IIABC PTS component, a sucrose-6-phosphate hydrolase, and a sucrose operon repressor, respectively (51) . Since cells lacking the ScrR repressor showed a significant change in the level of persister cells (ϳ8.8 times more persisters than UA159 WT at 24 h; Fig. 6B ), our results suggest that a derepression of the scrA/scrB promoter region located in IGR1445 may directly or indirectly lead to an increase in persister formation. The MIC values of ofloxacin against ⌬scrR mutant were not different from those for WT strain, confirming that the ⌬scrR strain was a true persistence mutant.
Clone VL-39 displayed a low persistence phenotype (ϳ1.5-and ϳ3.5-fold decreases in survival at 5 and 24 h, respectively; Table 2 ). Sequencing of the insert showed that it contained a fragment of ϳ0.4 kb corresponding to a portion of the fruA gene encoding a ␤-D-fructosidase. This enzyme is responsible for the hydrolysis of fructans, a class of fructose-based dietary polysaccharides, enhancing S. mutans cell survival during periods of nutrient starvation (5) . To test persister formation in cells lacking FruA, a fruA deletion mutant was tested for its ability to persist in the presence of ofloxacin. Our results showed that a ⌬fruA mutant did not differ from the WT control strain in its ability to form persisters (data not shown). The role of fruA gene (or possibly a small peptide derived from the FruA protein) in S. mutans persister formation is currently unclear and warrants further investigation.
The clone VL-16 displaying a high persistence phenotype (ϳ8.1-and ϳ16.9-fold increases in survival at 5 and 24 h, respectively; Table 2 ) contained two Sau3AI fragments. Sequence analysis of the cloned insert revealed that these fragments corresponded to portions of SMU.402 and SMU.1278 encoding a pyruvate formate-lyase (PFL) and a putative phosphoglycolate phosphatase, respectively. Although work previously done in S. mutans has shown that PFL was responsible for pyruvate heterofermentation under anaerobic conditions (25) , it is still unclear how this may relate to persistence.
Cells overexpressing the clone VL-61 displayed a high persistence phenotype (ϳ4.5-and ϳ7.5-fold increases in survival at 5 and 24 h, respectively; Table 2 ). Sequencing of the cloned fragment revealed that clone VL-61 had an ϳ0.7-kb insert corresponding to portions of SMU.1588 and SMU.1589 encoding putative glycosyltransferases involved in the biosynthesis and degradation of peptidoglycan.
The nucleotide sequence of clone VL-390 displaying a high persistence phenotype (ϳ8.2-and ϳ20.6-fold increases in sur- Table 2 ) showed that it contained a fragment of ϳ0.6 kb corresponding to a portion of SMU.775 encoding a conserved hypothetical protein.
Altogether, these results obtained through genetic screening suggest that S. mutans did not evolve a dedicated mechanism, allowing it to adopt a persistence phenotype. In contrast, the picture that emerges thus far from our results and from several studies is pointing to redundant pathways for bacterial persister formation.
Environmental stressors induce the formation of persister cells. A clonal population may have two (bi-stability) or more (multi-stability) subpopulations with distinct phenotypic properties, such as persistence (15) . Switching to generate alternate phenotypes can occur spontaneously (stochastic switching) or in response to environmental perturbations (responsive switching). Since S. mutans cells are constantly exposed to fluctuating and adverse environmental conditions in the oral cavity, ranging from variations in temperature, acidic pH, oxidative stress, and nutrient-limiting conditions (24, 36), we hypothesized that certain environmental stressors could positively influenced the number of persisters. To determine whether S. mutans persisters could be formed in response to different environmental stresses, S. mutans UA159 WT cultures were exposed to heat, acidic pH, oxidative stress, and serine hydroxamate (to mimic amino acid starvation) for 2 h prior to being challenged with ofloxacin for 24 h. As shown at Fig. 7 , all tested stressors produced higher levels (ranging from 4-to Ͼ100-fold increases) of antibiotic tolerant persister cells in the WT strain, suggesting that the onset of environmental stress may induce the persistence phenotype in S. mutans populations.
Formation of S. mutans persisters is positively influenced by the stress-inducible quorum-sensing peptide. Work previously done in our lab has shown that S. mutans integrates its response to specific environmental stresses with its intraspecies bacterial quorum-sensing system, the CSP-ComDE regulatory circuit (41) . We first monitored the expression of the CSP pheromone gene (comC) under the environmental stresses (heat, acidic pH, oxidative stress, and amino acid starvation) known to trigger the formation of S. mutans persisters in the WT strain. The levels of comC transcripts were significantly upregulated by heat at 50°C [(8.0 Ϯ 3. In streptococci, the ComDE two-component system conveys the quorum-sensing CSP signal by phosphotransfer from the ComD membrane-bound receptor to ComE response regulator. Once phosphorylated, activated ComE alters gene expression, allowing cells to launch coordinated responses to their environments (39) . We tested the direct impact of the CSP-ComDE quorum-sensing system in the stress-induced development of persisters using cells of a ⌬comE mutant, which is unable to respond to the CSP signaling pheromone, exposed to the same environmental stresses as those described above. Our results showed formation. Overnight cultures of UA159 WT strain and its RNase (⌬rnhB and ⌬rnhC) (A) and sucrose operon repressor (⌬scrR) (B) deletion mutants were diluted to the early logarithmic phase and immediately treated with ofloxacin (20 g/ml) for 24 h at 37°C. Cells were removed at the indicated time points, serially diluted, and spot plated onto THYE agar plates for CFU counting.
FIG 7
Effect of various environmental stressors on S. mutans persister formation. Overnight cultures of UA159 WT strain and its ⌬comE mutant were diluted (1:20) into fresh THYE broth and challenged with an environmental stress for 2 h before being treated with ofloxacin (20 g/ml) for 24 h at 37°C. Aliquots of cells were removed at the introduction of the antibiotic ofloxacin and after the antibiotic treatment (24 h) to determine cell survival by spot plating onto THYE agar plates.
that whereas the WT strain produced an increased number of persisters under these stresses, the stress-inducible persistence phenotype was abolished for the ⌬comE mutant subjected to acidic pH, oxidative stress, and amino acid starvation (Fig. 7) . Surprisingly, ⌬comE mutant cells exposed to heat stress at 50°C were still able to increase the numbers of ofloxacin-tolerant persisters but to a lesser degree than that observed for WT (95-fold increase for the ⌬comE mutant versus 389-fold increase for the WT), suggesting that heat stress also induces the formation of persisters through a quorum-sensing-independent pathway.
Finally, the intimate connection between the S. mutans CSPComDE intraspecies quorum-sensing pathway and the development of persisters was tested using UA159 WT strain and its quorum-sensing deficient mutants, the ⌬comC mutant, which is unable to produce the CSP signaling pheromone, and the ⌬comE mutant. Since environmental stresses increased the number of persisters and considering that stresses induced the expression of the CSP pheromone, we used exogenously added synthetic CSP (sCSP) to study the effect of the CSP pheromone on formation of S. mutans persisters. The WT strain and its ⌬comC and ⌬comE mutants were exposed to sCSP before being treated with ofloxacin for 24 h. Our data showed that the CSP pheromone significantly increased (ϳ5-fold) the number of ofloxacin-tolerant persister cells for the WT strain (Fig. 8) . In contrast, the number of persisters did not change when the ⌬comC and ⌬comE mutant cells were preincubated with sCSP before the antibiotic treatment (Fig. 8) .
The same results were obtained with oxacillin (ϳ2-fold increase) and vancomycin (ϳ3-fold increase) for the WT strain (see Fig. S2 in the supplemental material). The fact that the addition of synthetic CSP to a ⌬comC mutant could not restore the WT phenotype strongly suggests that the production of the CSP pheromone is subject to positive-feedback regulation, as frequently observed in Gram-negative quorum-sensing systems, and that this feedback loop may play a role in signal integration and/or transmission. Altogether, these results clearly demonstrate that the intraspecies quorum-sensing system of S. mutans plays a role in the formation of multidrug-tolerant persisters.
DISCUSSION
Resistant pathogens play a major role in acute infections, and a variety of acquired mechanisms lead to multidrug resistance. Bacterial populations also produce persister cells that are tolerant to killing by all antibiotics currently in use, a phenomenon known as multidrug tolerance (21, 30, 45, 53) . In contrast to inherited antibiotic resistance resulting from mutations in existing genes or the acquisition of external resistance-encoding genes, multidrug tolerance conferred by persister cells is noninherited and is purely phenotypic. Persistence is a characteristic of a heterogeneous population of cells. It may therefore present an advantage at the level of the population and not at the level of single cells-a bet-hedging strategy to cope with a fluctuating stressful environment ensuring survival of the species during catastrophe (50) . Although persisters are very important in antibiotic therapy, the identification of the phenotypic switch responsible for persistence remains largely unknown. Given the low frequency of persisters in a clonal population, it is conceivable that stochastic variations of gene expression would lead to toxic levels of a variety of proteins in a small fraction of cells, increasing their chance to become persisters, particularly when in a dense biofilm environment.
The natural habitat of S. mutans is the oral biofilm, one of the most complex human microbiota (55) . The number of persisters in a growing population of bacteria can reach ca. 1% at the stationary phase (21) . Similarly, S. mutans produced substantial numbers of persisters when growing in a biofilm. Interestingly, we demonstrated that older (72-h-old) S. mutans biofilms produced more persister cells than biofilms grown to the early (6-h-old) or intermediate (24-h-old) phases, suggesting that more persisters could be formed due to gradually limiting conditions prevailing in the biofilm (e.g., nutrient limitation and altered microenvironments). Biofilms can thus promote the survival of bacteria by generating persister cells and by creating a protective niche where bacteria (normal growing and dormant) can evade the immune system. Assuming that persistence can be governed by both stochastic and deterministic mechanisms (20, 22, 31) , the clinical implications of persisters in the context of biofilm infections are highly significant.
Our results showed that fluctuations in the levels of a small number of genes triggered the formation of persisters in S. mutans cultures. Both S. mutans MazEF and RelBE type II TA modules function in contributing to antibiotic tolerance through the formation of persister cells. Overproduction of these TA modules did not cause cell lysis of S. mutans (verified experimentally for MazEF [47] ; we assume it is the same for RelBE) but rather exerted an increase in persister cells that were more tolerant toward antibiotic killing. Not surprisingly, the removal of both TA loci did not affect antibiotic susceptibility in S. mutans, suggesting that additional type II TA systems could be required for persistence. For instance, a total of 45 putative toxins and antitoxins have been identified in the genome of S. mutans UA159 reference strain on the basis of protein sequence and comparative genomic analysis (34, 47) ; however, only four TA pairs (MazE/MazF, RelB/RelE, Xre/COG2856, and PIN/AbrB) possessed all of the features and could be predicted to function as bona fide type II TA systems. Further experiments will be required to explore the possibility that Cells of UA159 WT strain and its quorum-sensing mutants (⌬comC and ⌬comE) were preincubated with synthetic CSP (2 M sCSP) for 2 h at 37°C before being challenged with ofloxacin at 20 g/ml. Aliquots of cells were removed at the introduction of the antibiotic and after the antibiotic treatment (24 h) to determine cell survival by spot plating onto THYE agar plates.
TA loci contribute cumulatively to the development of bacterial persistence in S. mutans.
The screening of an expression library has led us to identify additional genes involved in persister formation. One of these genes, rnhB, encodes a putative RNase H and caused a significant increase in the number of persisters when inactivated. Interestingly, inactivation of rnhC encoding another putative RNase H did not affect the levels of persisters, albeit the lack of this RNase led to noticeable growth defects, including significantly delayed colony formation and delayed time to reach the stationary phase. Although further studies would be required to elucidate the role of RnhB RNase in persister formation, our results reinforce the notion that the increase in persisters cannot be solely due to reduced bacterial growth (2) . The genetic screening also produced candidate persister genes involved in transcription/replication, sugar metabolism, cell wall synthesis, and energy metabolism, confirming that S. mutans, like many other human pathogens (18, 20, 31) , possesses redundant pathways of persister formation. The fact that there is more than one way to produce persisters strongly suggests that each bacterial population contains a diversity of persisters based on fluctuations and variability in cellular processes. This diversity hypothesis suggests that bacterial persistence may be a result of multiple distinct cellular physiologies within a population (2) .
Switching to generate alternate phenotypes can also occur in response to environmental fluctuations (20) . In E. coli, persisters can develop through the upregulation of the TisB toxin via the SOS response to damaged DNA caused by ciprofloxacin (13, 14) . Streptococci lack the classical SOS response, and the induction of the competence regulon has been proposed to act as a general stress response in Gram-positive bacteria (7, 43) . Early work done in S. mutans suggested an intimate link between the competence cascade and the organism's response to acid stress (32) . In S. mutans and Streptococcus pneumoniae, the intraspecies quorum-sensing CSP signal responsible for competence induction has been shown to act as a stress pheromone or "alarmone" in response to certain stressful environments (7, 41) . It is well known that bacterial quorum-sensing signaling mechanisms can go well beyond the counting of cell numbers (40, 42) . There is growing evidence that quorum sensing constitutes a global regulatory system in many different bacterial species (40) . In streptococci, the CSP pheromone is sensed outside the cell by the histidine kinase of a two-component system. Binding of extracellular CSP pheromone to ComD sensor initiates the phosphorelay cascade (ComDϳP ¡ ComEϳP) that leads to transcriptional activation of the competence regulon controlled by the alternate sigma factor ComX (39). Our results suggest that when a portion of the population is challenged with an incoming stress, the production of CSP pheromone allows communication to the other siblings within the population to prepare for a "stress-response" state via quorum sensing, in order to survive. It is possible that by mimicking this "incoming stress" signal through the treatment with exogenous CSP, cells within the population are able to undergo a different transcriptional profile, where some cells are induced into a persister state through an indirect downstream transcriptional regulation of the ComDE pathway. To our knowledge, this is the first time where bacterial persistence has been shown induced via a quorum-sensing regulatory system. While the recent study by Möker et al. (37) showed that cultures of Pseudomonas aeruginosa increased their persister numbers in response to quorum-sensingrelated signaling molecules (phenazine pyocin and acyl-homoserine lactone), these authors stopped short of explaining the signaling pathway that leads to the increased formation in response to these signaling molecules. In S. mutans, several class II bacteriocins are expressed through the CSP-ComDE quorum-sensing system (16, 26, 48) . Class II bacteriocins are antimicrobial peptides that function to kill competitors by dissipating the proton motive force via pore formation in the cytoplasmic membrane of target cells (23) . Interestingly, preliminary work done in our lab demonstrated that inactivation of mutacin V (CipB), but not mutacin IV (NlmAB), completely abolished the increase in persister numbers observed for the WT strain following pretreatment with the CSP pheromone. It can be speculated that the CSP-induced mutacin V could induce the formation of persisters by insertion into the cytoplasmic membrane, thus decreasing the proton motive force and the ATP levels. Alternatively, mutacin V could act as a peptide regulator for the transcriptional control of persister genes, as was recently demonstrated for the development of genetic competence under CSP-induced conditions (16) .
Bacteria are often subjected to a myriad of environmental stresses, and this opens the possibility that quorum sensing can serve to prime the cellular response to stress and ensure survival of the population by inducing the formation of antibiotic-tolerant persisters. Therefore, the prevention of persisters formed under challenging conditions by interfering with the intraspecies quorum-sensing system of the pathogen suggests different possible drug targets for the development of effective antipersister strategies. For instance, several algae and terrestrial plants produce compounds able to interfere with bacterial quorum sensing (11) . The new data presented in the present study definitely benefits a field that is still in its scientific infancy.
